Abstract: Owing to the transient nature of the intermediates formed during the oxygen evolution reaction (OER) on the surface of transition metal oxides,their nature remains largely elusive by the means of simple techniques.The use of chemical probes is proposed, which, owing to their specific affinities towards different oxygen species,u nravel the role played by these species on the OER mechanism. Fort hat, tetraalkylammonium (TAA) cations,previously knownfor their surfactant properties,a re introduced, which interact with the active oxygen sites and modify the hydrogen bond network on the surface of OER catalysts.C ombining chemical probes with isotopic and pH-dependent measurements,i ti sf urther demonstrated that the introduction of iron into amorphous Ni oxyhydroxide films used as model catalysts deeply modifies the proton exchange properties,a nd therefore the OER mechanism and activity.
Water splitting has been envisioned for decades as apromising strategy to produce clean and renewable hydrogen for energy storage.However,this process is largely hampered by the slow kinetics associated with the oxygen evolution reaction (OER), 2H 2 
O!O 2 + 4H
+ + 4e À .T herefore,numerous studies have been conducted to understand and control this reaction. [1] [2] [3] While progress was made on the design of electrocatalysts for the OER, these studies point to the correlation between the activity and the stability for OER catalysts.T he surface of the most active oxides reconstructs during OER, resulting in amorphous oxyhydroxide structure, which consists of clusters of edge-shared octahedra. [4, 5] One factor distinguishing molecular catalysts from solid catalysts is that, aside from their homogeneous nature,t he electrochemically formed high-valence metal-oxo species can form an O À Obond by either an acid-base reaction with water or via the direct coupling of two neighboring oxo species. [2, 6, 7] In contrast, for heterogeneous catalysts,the OER is believed to proceed via four consecutive proton-coupled electron transfer (PCET) steps,w ith the metallic center serving as active site (Supporting Information, Figure S1 ). [8] Nevertheless,t he recent findings that surface oxygen can also act as active site on the surface of OER electrocatalysts bolsters the idea that am echanism enlisting continuous bond-breaking and -formation can be at play on the surface of some catalysts, [9] [10] [11] eventually leading to their instability under oxidative conditions. [12] [13] [14] Interestingly,amorphous structures lie at the frontier between heterogeneous and homogeneous catalysts but the exact nature of the active site as well as their interaction with the adsorbed water molecules remain unclear. Moreover,e ven though agreement has been largely reached recognizing that deprotonation is key for the formation of the so-called active oxygen species, [15] [16] [17] their exact nature and reactivity remains elusive,o wing to their transient nature and the lack of proper characterization techniques. [18] Nickel oxyhydroxide is the most ubiquitous OER catalyst in alkaline media and demonstrates exceptionally large activity.Arecent report by the Boettcher group demonstrated that iron contamination is at the origin of its large OER activity. [19] Subsequent studies have shown that iron serves multiple purposes for Ni(Fe)OOH catalysts: [20] 1) it adopts adifferent local environment with unusually short FeÀ Ob ond distance as shown by operando X-ray absorption spectroscopy (XAS); [21] 2) it modifies the redox activity of nickel; [17] and 3) it improves the electronic conductivity of the film. [22] We demonstrate herein that introducing iron also induces the formation of active oxygen species,w hich demonstrate specific interactions with interfacial water. For that, we alleviate the difficulty for studying transient active species by introducing an ew chemical approach. This approach is inspired by previous reports discussing the effect of hydration shell for electrocatalytic reactions [23, 24] and makes use of cations showing specific interactions with active oxygen species.M ore specifically,w ei ntroduce tetraalkylammonium cation (TAA + )a sachemical probe in solution and demonstrate its specific interaction with oxygen species formed upon deprotonation. Comparing the OER activities of Fe-free and Fe-containing amorphous films,w e demonstrate that these interactions only occur for Fecontaining Ni(Fe)OOH catalysts.B yb locking these active surface oxygens with adsorbed TAA + cations,w er eveal the interactions occurring at the catalyst-water interface,w here modifying the structure of the interfacial water and the proton diffusion properties lead to drastic modifications of the OER mechanism and activity.
Theo xidation behavior of the electrodeposited nickel oxyhydroxide films was studied by cyclic voltammetry in Fefree 0.1m MOH solution, with Mb eing Li [17, 25] indicate ad ifferent deprotonation mechanism for Fe-containing film. Hence,d epending on the deprotonation process,d ifferent oxygen species are formed on the surface of the films that show,o rn ot, specific interaction with TMA + cation, as visualize by Raman spectroscopy (Supporting Information, Figure S8 ). This conclusion is in agreement with previous spectroscopic evidences showing the generation of negatively charged sites for Fecontaining films. [18] Now turning to the OER activity,itisfound to be nearly identical for pure NiOOH when using K + and TMA + (Figure 1c ). TheT afel slope is also found to be identical and equal to circa 60 mV/decade,i ndicating ao ne-electron transfer occurring before the chemical turnover-limiting step (TLS). In contrast, the OER activity for Ni(Fe)OOH films decreases between alkaline cations (K + and Na + )and TMA + (Figure 1c ;S upporting Information, Figure S9 ). Moreover, ac hange in the Tafel slope from 35 mV/decade to 55 mV/ decade is observed from alkaline cations (Na + and K + )t o TMA + cations (Figure 1c ;S upporting Information, Figure S9 ). This observation confirms that TMA + can selectively modify the OER mechanism depending on its interaction with the film. Furthermore,the pH dependence for the OER activity of the Ni(Fe)OOH films was studied for TMA + and compared with the non-interacting K + cation (Supporting Information, Figure S10 ). ForapH value above about 12, the OER activity as well as the Tafel slopes remain constant for both cations (Tafel slopes of approx. 30 mV/decade for K + and approx. 60 mV/decade for TMA + ). Moreover,a bove pH 12, (@E/@pH)i = 0g iving ar ate order for H + of 0o nt he RHE scale,w hich would indicate ap roton-coupled electron transfer (PCET) [26] independent of the nature of the cation. Below this pH value,t he OER activity decreases and the Tafel slope is found to increase up to avalue close to 90 mV/ decade for TMA + and 60 mV/decade for K + ,i ndicating chemical limitations related to the deprotonation of surface oxygen and/or the proton diffusion, as recently discussed for buffered neutral solution. [27] To obtain further information on the OER mechanism and the role of hydrogen bonding network (Figure 2 ), measurements were then carried out in H 2 Oa nd D 2 O solutions.F or Fe-free films,s witching from proton to deuterium does not modify the OER activity (Figure 3) . However, for Fe-containing films,t he use of deuterated water significantly decreases the OER activity in KOHsolution. Not only the OER activity decreases,but also the Tafel slope increases when using deuterated water. Bearing in mind that aP CET mechanism is presumably at play independently of the use of TMA + ,t he isotopic effect indicates that hydrogen bonds network must be influencing the OER kinetics by modifying either the number of active sites or the interactions of intermediates with adsorbed water. Expressing the OER current density as j = nFKq act e In light of these results,w ep ropose that the specific interaction of TMA + and active oxygen species displaces this equilibrium by stabilizing the active oxygen species and therefore controls the rate of the reaction. These results revealed the critical role played by the interfacial interactions on the OER kinetics.
Aside from modifying the hydrogen bonding network, cations also possess different enthalpy of hydration (Supporting Information, Table S1 ). Therefore,t od iscriminate the effects induced by specific interactions from effects induced by the modification of the solvation strength, we employed (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as asoluble molecular probe (Figure 4 ; Supporting Information, Figure S11 ). We first demonstrate the instability of the oxidized form of TEMPO in alkaline solution by using UV/Vis,aswell as the effect of cation on this instability.For that, we followed the decrease of the UV absorbance at approximatively 430 nm corresponding to the oxidized form of TEMPO (Figure 4 ). More specifically,t he drop of absorbance was measured to be dependent on the cation, with TMA + and K
+
showing afast drop of the signal corresponding to adecay of the concentration in TEMPO + (Figure 4a and b) , while the decrease was found much slower for Li + (Figure 4c) . We estimated the kinetic rate constant to be rather similar for K + and TMA + (k = 0.18 s À1 and 0.12 s À1 ,respectively), and slower when using Li + (k = 0.02 s À1 ;S upporting Information, Figure S11) . This indicates that the kinetics associated with the nucleophilic attack of water on oxidized electrophilic species is decreased when increasing the solvation strength from K Table S1 ). Bearing in mind that the OER kinetics measured for Fefree NiOOH films was found identical in KOHand TMAOH (Figure 1c) , modification of the hydration strength can be ruled out as the origin for the modifications of the OER activity of Fe-containing films when introducing TMA + .
In conclusion, we demonstrate that due to the specific interactions of TMA + cations with active oxygen species formed upon deprotonation, [29] its presence on the surface of Fe-containing films disrupts the hydrogen bonds network with interfacial water. Hence,w ee xperimentally reveal that the OER mechanism and activity is sensitive on these specific interactions (Figure 1c) . We further postulate that the O À O bond formation on the surface of amorphous film, which is often considered as rate determining step for the OER, is sensitive to the distribution and the energy of the active oxygen species formed after adeprotonation step and that act as active sites.This conclusion is further supported by the H/D isotopic effect (Figure 4 ), which suggests that the introduction of iron in the Ni oxyhydroxide films induces ac hange in the interaction between active oxygen species and OH À groups in the inner Helmholtz plane.This effect is complementary with the modification of the electronic properties previously unraveled. Hence,t hese findings allow us to confirm that the large difference observed between pure NiOOH and Fecontaining Ni(Fe)OOH films is not related to the interlayer distance and an increase of active sites concentration. [22] This large increase in activity is most certainly due to the modification of the interfacial interactions which govern the reaction pathway.
While the introduction of TMA + cations in practice reduces the OER activity for these model catalysts,tuning the double layer structure should be seen as ablessing to tune the selectivity of other reactions such as alcohol oxidation but also oxygen reduction or CO 2 reduction by modifying the reaction landscape.
